The refractive indices, densities and ultrasonic velocities of binary liquid mixtures of tetrahydrofuran (THF) with methanol and o-cresol over the entire composition range have been measured at 293, 303 and 313 K. Refractive index, density and ultrasonic velocity data have been used to evaluate the molar refraction deviation ∆R m , deviation in ultrasonic velocity ∆u, excess internal pressure π These results suggest that specific strong interactions are taking place in THF + o-cresol mixture while dispersive forces seem to be responsible for behaviour of THF + methanol mixture. Further, experimental refractive index and density data of these mixtures were also used to test the validity of the empirical/semi-empirical relations and models for refractive index and density, respectively.
Introduction
Complex formation in liquid mixtures has been extensively studied using optical and ultrasonic technique by many workers [1] [2] [3] . The formation of hydrogen bond in solutions and its effect on the physical properties of the mixtures have received much attention. Hydrogen bonding plays an important role in fundamental sciences and in industrial applications. Although many experimental and theoretical studies have been directed towards understanding of hydrogen bonding, it remains an area of active research. Knowledge of physico-chemical properties of liquid mixtures formed by two or more components associated through hydrogen bonds is important from theoretical and process design aspects.
Properties such as refractive index, densities and ultrasonic velocities and their variation with temperature and composition of the binary mixture are useful to design engineering processes and in chemical and biological industries. The investigation on the possible changes in these properties of mixtures has been found to be an excellent qualitative and quantitative way to elicit the information about molecular structure and intermolecular forces present in the liquid mixtures.
Tetrahydrofuran (THF) is an excellent aprotic solvent, soluble in all proportions with water, alcohols, ethers, phenols, and all common solvents. It dissolves practically all plastics except certain polyamide and may be * corresponding author; e-mail: shahla47@rediffmail.com useful in polymerization and other chemical reactions, in the cleaning of polymer surfaces, electronic materials etc. [4] . Alcohols/phenols are widely used in the chemical, pharmaceutical, and household industries. Methanol is used as a solvent for fats, oils, paints, varnishes etc. It is also used as antifreeze in automobile radiators and for the manufacture of methyl chloride, methyl esters, and plastics. Phenols are widely used for making explosives, manufacture of bakelite and other dyes.
In order to examine molecular interaction in the mixture of THF with alcohols and phenols through excess optical and acoustical properties, we report here the refractive index (n), density (ρ) and ultrasonic velocity (u) of binary mixtures of THF with methanol and 2-hydroxy--1-methylbenzene 2-methylphenol ortho-hydroxytoluene (o-cresol) over the entire range of composition at T = 293, 303 and 313 K. The experimental values of n, ρ and u were used to calculate the molar refraction deviation (∆R m ), deviation in ultrasonic velocity (∆u), excess internal pressure (π E i ), excess molar enthalpy (H E m ) and excess free volume (V E f ). These results have been used to discuss the nature of interaction between unlike molecules in terms of hydrogen bonding, dipoledipole interaction and dispersive forces. Further, six mixing rules for prediction of refractive index e.g. LorentzLorenz (L-L), Eykmen (Eyk), Weiner (W), Heller (H), Gladstone-Dale (G-D) and Newton (N) and two models, viz. Hankinson-Brobst-Thomson (HBT) and Rackett for evaluation of density have also been applied to these binary mixtures. A comparative study has been made between experimental and theoretically calculated values of refractive indices and densities. The results have been discussed in terms of average percentage deviation (APD). A fairly good agreement has been found between experimental and theoretical values.
Experimental details
Refractive index was measured using Abbe's refractometer provided by Optics Technologies, Delhi. Refractometer was calibrated by measuring the refractive indices of triply distilled water and benzene at T = 293 K. The accuracy in the refractive index measurement was ±0.001 unit. The sample mixtures were directly injected into the prism assembly of the instrument by means of an air tight hypodermic syringe. An average of four to five measurements was taken for a sample mixture.
The density of each liquid mixture has been measured using a pyknometer. The pyknometer consists of a long tube graduated in 0.01 ml scale, fitted to a specific gravity bottle of capacity 8 ml. A certain mass of the solution is allowed to expand at the desired temperature and the densities were calculated from the fixed mass and the volume at various temperature. An average of four to five measurements was taken for each sample mixtures.
Ultrasonic velocity was measured using the ultrasonic interferometer (Model M-83) provided by Mittal Enterprises, New Delhi. The instrument was calibrated by measuring the velocity in standard liquids e.g. AR grade benzene and carbon tetrachloride. Our measured values of u at 293, 303 and 313 K for benzene and carbon tetrachloride agree closely with the values given in literature [5] .
Viscosity was measured using LVDV II+Pro viscometer supplied by Brookfield Engineering Laboratories Inc, USA. The viscometer was calibrated with standards whose viscosities are reported in the literature. Each observation was repeated four to five times at each temperature for all compositions. The repeatability of viscosity values is within ±0.2%. The accuracy in the measurement of viscosity is 1 × 10 −5 Pa s. The temperature was maintained using programmable Brookfield temperature controller model TC-502 with an accuracy of ±0.01
Mixtures were prepared by weighing the liquids in specially designed ground glass stoppered weighing bottles, taking extreme precautions to minimize preferential evaporation. A Sartorius (BP 121S) single pan balance having a stated precision of 0.1 mg was used throughout. The maximum possible error in the mole fraction is estimated to be ±0.0001. The chemicals used were obtained from Ranbaxy Fine Chemicals Limited. All the chemicals used were purified by standard procedure discussed by Perrin and Armarego [5] . The purities of all chemicals were ascertained by the constancy of their boiling points during final distillation and also by literature comparison [6] of their densities and refractive indices at 293 K. These values agreed well within the precision of experiment error.
Theory
From the experimental data of refractive index, density and ultrasonic velocity, various thermodynamic parameters such as molar refraction deviation (∆R m ), deviation in ultrasonic velocity (∆u), excess internal pressure (π 
Deviation in ultrasonic velocity
Excess internal pressure
Excess molar enthalpy
In Eqs. (1) to (5) u, ρ, n, η and V m stand for ultrasonic velocity, density, refractive index, viscosity and molar volume of the binary mixtures, respectively. x i , u i , η i and V i (i = 1, 2) denote respectively the mole fraction, ultrasonic velocity, viscosity, and molar volume of the i-th component.
The excess functions were further fitted to RedlichKister polynomial equation
where X E is the molar refraction deviation (∆R m ), deviation in ultrasonic velocity (∆u), excess internal pressure (π 
where n and p are the number of data points and parameters, respectively. Also, various empirical/semi-empirical relation and models for the prediction of refractive index and density of liquid mixtures were used as described earlier [7] [8] [9] .
Results and discussion
The experimental values of refractive index (n), density (ρ) and ultrasonic velocity (u) for both the mixtures over the entire range of composition are given in Table I at temperatures T = 293, 303 and 313 K. The values of the Redlich-Kister polynomial coefficient A i evaluated by the method of least squares along with standard deviation is given in Table II . The values of APD for refractive index and root mean square deviation for density are given in Tables III and IV The values of ∆R m , ∆u, π plained as a result of cumulative manifestation of various types of intermolecular interactions between components. It has been reported earlier [10] that the excess thermodynamic properties of the mixtures are influenced by three main types of contribution, viz. (i) physical: due to non-specific Van der Waals type forces; (ii) chemical: due to hydrogen bonding, dipole-dipole, and donor-acceptor interaction between unlike molecules; (iii) structural: due to the fitting of smaller molecules into the voids created by the bigger molecules. The first effect leads to contraction in volume, hence leads to positive contribution The plots of deviation in ultrasonic velocity ∆u with mole fraction at all the three temperatures for both the mixtures exhibit positive values. The positive values of ∆u decrease with increase in temperature which indicates the decrease in strength of interaction with temperature in both the mixtures. The higher positive value of ∆u in the case of THF + o-cresol mixture than that of THF + methanol mixture may be due to the fact that the -OH group attached to an aromatic ring is more acidic than -OH group attached to an alkyl group, thus exhibiting higher positive values in the case of THF + o-cresol mixture.
It is well known that THF is an aprotic liquid and when mixed with methanol/o-cresol (protic liquids), it tends to break the associates present in the methanol/o-cresol molecules. The higher negative values of ∆R m and positive values of ∆u in THF + o-cresol indicate the presence of strong intermolecular interaction through hydrogen bonding between oxygen atom of THF with the hydrogen atom of hydroxyl group of o-cresol. It is due to the fact that -OH group attached to the benzene ring in case of o-cresol is stabilized to a greater extent through resonance as compared to alcoholic -OH group of methanol. Similar results of ∆R m and ∆u have been reported earlier [10] [11] [12] .
The π E i values are found to be negative over the entire mole fraction of the THF in the binary mixture of THF + methanol (Fig. 3) . The negative contribution of π E i values is an evidence of the presence of weak molecular interaction between the components present in the mixtures. For the mixture of THF + o-cresol, π E i values are found to be positive, which indicates the presence of strong hydrogen bonding due to the charge transfer complex. Similar results were observed in the mixtures of TEA alcohols [13] . No significant change in π Further, the refractive index and density of the mixtures were correlated using the empirical/semi--empirical relations and models as reported earlier [7, 8] Table IV that HBT model is more suitable than the Rackett model for the prediction of density of the binary mixture of THF + methanol. However, in case of THF + o-cresol mixture, these models could not be applied due to non-availability of data of critical volume. (ii) Comparison of experimental and estimated values of refractive indices and densities in terms of APD and root mean square deviation exhibit the suitability of six empirical relations and two models for representing the mixing refractive indices and densities, respectively.
Conclusions

